Piotrowski, J. K. (1971). Brit. J. industr. Med., 28, 172-178. Evaluation of exposure to phenol: absorption of phenol vapour in the lungs and through the skin and excretion of phenol in urine. Volunteers were exposed to phenol vapour (5 to 25 mg/r3) by inhalation and through the skin, respectively, and the excretion of phenol in urine was examined.
The first attempts to estimate exposure to phenol by determination of its concentration in biological materials were carried out by Teisinger and FiserovaBergerova (1955b) , who studied the increase of phenol in the blood of workers. More recently, Petyaev studied the changes in the blood of exposed workers using electron paramagnetic resonance (Petyaev, Khlebnikova, Malysheva, and Cherepneva, 1966) .
Determination of phenol in urine has been recommended as an exposure test only for benzene (Teisinger, Skramovsky, and Srbova, 1956; Walkley, Pagnotto, and Elkins, 1961; Dutkiewicz, Piotrowski, and Kqsy-D4browska, 1964) . It seems likely that it could also be used as an exposure test for phenol (Bardodej, Barodejova, Benes, Kukackova, and Vitova, 1962) but there are no relevant data.
Of phenol administered to rabbits in a dose of 50 mg/kg, 90% is excreted, conjugated with sulphuric and glucuronic acids. The remaining 10% could be accounted for chiefly by hydroquinone, also conjugated (Williams, 1959) . No similar data are available on man.
In the present investigation quantitative estimates were made in man of the absorption of phenol vapour and of the excretion of phenol in urine, so that urinary phenol could be related to the quantity absorbed, thus giving a test of exposure.
Methods
The experiments were performed on volunteers from the staff of the Institute (seven men aged 25 to 42 years and one woman aged 30) who had previously passed a thorough medical examination.
The exposure chamber used has been described in detail by Dutkiewicz (1960) . The 
Lung absorption studies
In order to avoid any absorption of phenol vapour through the skin, the subject remained outside the chamber and inhaled the air from inside through a face mask connected with the interior of the chamber. The concentrations of phenol in the inhaled and expired air were determined every hour. In order to avoid errors from adsorption of phenol on the connecting tubes, the air samples were taken directly from the inhalation and exhalation channels of the face mask. The volume of the expired air was measured continuously by means of a liquid gas-meter. The exposure lasted for 8 hr, with two breaks of 0 5 hr each, beginning at 2-5 and 5-5 hr after the start of exposure, and during which the subject was allowed to eat and to drink tea or coffee. The urine had been collected before exposure in unrestricted time intervals. In each subject urinary excretion before exposure was followed at least once for the whole day. In subsequent experiments with the same person urine samples from shorter times were taken to monitor the normal physiological levels. During exposure urine samples were taken every second hour. After exposure the urine was collected at unrestricted time intervals until the morning of the next day. For all urine samples volumes, times of collection, and specific gravities were recorded and the concentrations of phenol were determined.
Skin absorption studies The climatic conditions in the exposure chamber were kept constant at 25 to 27°C and 35°% humidity. Three different concentrations of phenol in the air were used, approximately 5, 10, and 25 mg/m3. The subject was placed in the chamber in a hammock. Usually the subject was dressed in underwear and denim overalls; for comparison, with the highest concentration of phenol vapour, studies on naked subjects were also performed. The subject was supplied with fresh air from outside the chamber so that no phenol could be absorbed through the lungs. The exposure lasted for 6 hr with one break in the middle. Urine was collected and treated as described above. The phenol excreted in subsequent fractions within 24 hr was summed up and, after subtraction of the physiological level, the amount excreted over 24 hr was taken as the absorbed dose.
For the determination of the total phenol in urine the method of Porteous and Williams (1949) was used as modified for human urine by Teisinger and his colleagues (1956) . To 5 ml of urine 0-5 ml of conc. H2SO4 was added and the sample was subjected to steam distillation at a rate of 2 to 3 ml/min to get 50 ml of distillate. Depending on the expected concentration 1 to 10 ml of the distillate was taken for colorimetric determination. For this 2 5 ml of sodium carbonate-borax buffer of pH 10-15 was added followed by 2,6-dibromoquinone-4-chloroimide (0 375 mg in 025 ml of alcohol). The sample was allowed to stand for 1 hr, made up to 25 ml with water and the absorption was read at 610 nrm on a Unicam SP-1400 colorimeter.
For air analysis, phenol was absorbed in bubblers containing OI1N NaOH. This solution was neutralized and phenol was determined in the same way as in urine distillates. The standard error of a single determination was +4% of the mean. The recovery of phenol from the air in one bubbler exceeded 95%.
Results

Retention of phenol vapour in lungs
Individuals retained from 60 to 88% of the phenol to which they were exposed. The mean values obtained from 12 experiments in groups exposed to different concentrations of phenol (about 6 to 20 mg/m3) did not show significant differences. The average retention curve is shown in Figure 1 . Retention decreased from about 80% at the beginning to approximately 70 % by the end of the exposure period. There was a slight tendency for retention to increase after each break in exposure.
Physiological excretion of phenol in urine As phenol is a normal constituent of the human urine, normal levels and their fluctuations must be found so that the excess of phenol excreted due to the exposure may be properly calculated. The results obtained on urines collected the day before exposure are shown in Figure 2a . During the day (08:00 hr to 20:00 hr) the urine excretion increased unaccompanied by a corresponding decrease of specific gravity. The same was found, only much more pronounced, during the day of exposure (Fig. 2b ). As shown in Fig. 2a , between 08:00 hr and 14:00 hr the average concentrations of phenol in the urine decreased, but overall the excretion rate was higher during the day (08:00 hr to 20:00 hr) than during the night. In Table 1 the concentrations and excretion rates of phenol used for Fig. 2a are shown, divided into groups according to the rate of urine excretion. The phenol concentration varied with the rate of excretion of urine when the whole range of the latter is considered, but the excretion rate of phenol was substantially independent from 20 to at least 80 ml/hr, i.e., within the range most often found in practice. If those results obtained with urinary excretion rates outside 20 to 120 ml/hr are omitted from Fig. 2a, A typical empirical curve for the excretion of phenol, including times before, during, and after exposure, is shown in Figure 3 . A rapid rise of excretion rate was seen during exposure and the maximum value was usually found directly after the end of the exposure. The excretion rate then fell, tending towards the physiological ones within 24 hours.
The kinetic pattern of phenol excretion did not differ in experiments performed at various levels of exposure. The results from all the experiments could therefore be combined for further analysis. In Fig. 4 (1) where T is the time measured from the start of the exposure and k is the turnover constant. Figure 4 shows the effect, with k = 0-2 hour-'.
When exposure ceases, after time Tm, the expression u. -is at its maximum value, m. Thus:
Thereafter the rate of excretion, as expressed byq 10 and measured from the time of cessation of exposure (T -Tm), falls exponentially:
Equations (1), (2), and (3) may be combined to give: (Piotrowski, 1970) . Figure 4 shows that an excretion coefficient k of 0-2-1 hr gives a good approximation to the empirical curve. There are some discrepancies around the end of the exposure period, which may indicate that the time needed for metabolism (conjugation of phenol) delays excretion more than is calculated from a one-compartment model. These Figure 5 .
Absorption of phenol vapour through the skin One of the curves, for phenol excretion following absorption through the skin only is shown in Figure 6 . Nos. I to 3 refer to urine fractions collected during last two hours of exposure. x = absorbed dose of phenol in mg, y = excretion of phenol in urine measured in the stated unit. In the equations, values of physiological levels of urinary phenol are used.
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2. No essential differences were seen in the kinetics of phenol excretion after skin exposure as compared with exposure by inhalation.
The results on the absorption of phenol vapour through the skin are presented in Table 3 . It is seen that the absorption rate was roughly proportional to the concentration of phenol vapour and can be characterized by the absorption coefficient of approximately 035 mr/hour. This value means that the exposed subject absorbed through the skin per hour the amount of phenol contained in 035 m3 of air. Clothing seemed to be without protective effect.
The concentrations of phenol on the skin surface were not correlated with the concentrations of phenol in air. 
Discussion
In the present study it has been shown that phenol vapour is easily absorbed through both the lungs and the skin. It is generally accepted that phenol may also be absorbed through the skin as a result of direct contamination (Ruedemann and Deichmann, 1953; Elkins, 1959) , and the data on acute intoxication confirm this view (Duverneuil and Ravier, 1962) . Thus phenol is a substance exposure to which can be estimated only by tests which assess how much is absorbed. Such tests for compounds absorbed through the skin have been described by workers in this laboratory for aniline (Dutkiewicz and Piotrowski, 1961) and nitrobenzene (Piotrowski, 1967) . The present study has followed the same line.
Phenol is a normal constituent of the human urine and, as found by several authors using the same analytical method as in this study, its excretion fluctuates around values close to those given in this report (Teisinger and Fiserova-Bergerova, 1955a; Teisinger et al., 1956; Hanke, Dutkiewicz, and Piotrowski, 1961; Dutkiewicz, 1964) . Could, therefore, its excretion be used as a test of exposure for phenol with levels of exposure as low as the Soviet maximum allowable concentration (5 mg/m3 of air)? This appeared possible because absorption of phenol vapour through the skin contributes appreciably to the total absorbed; the yield of phenol excreted approaches 100% of that absorbed; and fluctuations in the normal levels of urinary phenol were least when these levels were expressed as excretion rates, and the excretion rate appeared the most precise unit for measuring phenol excretion due to the exposure.
The proposed exposure test is based on measurement of the excretion rate of phenol in the urine in the last 2 hr of the daily exposure. From the rate obtained the absorbed phenol can be calculated by the equation given in Table 2 . For more exact studies on very low exposures, the normal excretion rate-which in the equation is given as 0 44 mg/hrshould be determined more precisely on subjects without exposure to benzene or phenol taken from the same area and having similar dietary habits as the group of workers to be studied. Probably this will not usually be necessary.
The maximum allowable dose of phenol may be calculated as a value dependent on the accepted level of the MAC by taking into account both routes of vapour absorption. Equation (5) may be used as a guide for this kind of calculation:
. .
(5) where D = dose absorbed (mg), C = concentration in air (mg/m3), T = time of daily exposure (8 hr), R = fractional retention of vapours in lungs (for phenol about 0 7), V = lung ventilation (m3/hr), S = coefficient of skin absorption (for phenol 0 35 m3/hr). Putting V = 0-8 m3/hr, the maximum allowable doses of phenol are about 35 mg with an MAC of 5 mg/m3 (U.S.S.R.) and about 135 mg with an MAC of 19 mg/r3 (U.S.A.) (see Cahiers de Notes Documentaires, 1969) . These correspond to excretion rates at the end of the exposure period of 4-4 and 15-3 mg/hr, both very much higher than the normal excretion rate of 0-44 mg/hr in our subjects.
The kinetic results presented here show that phenol is quickly excreted from the human body and that this process maybe described with sufficient exactness by a simple one-compartment open model with an excretion coefficient, k, of 02 hr-'. It follows that there would be little, if any, accumulation of this compound from daily exposure in industry, and that the results of the exposure test relate only to exposure on the day the urine specimen is taken.
The proposed exposure test shows a high degree of accuracy, which allows low doses of phenol to be estimated with a precision of ± 2 mg. It is obvious that this is attainable only on the assumption of constant exposure over the entire work-shift. In field conditions, however, the accuracy of the method will be considerably reduced due to fluctuations of the rate of absorption within the shift. From kinetic considerations it would appear that in most cases these fluctuations will lead to an underestimation of the absorbed dose. excretion of phenol in urine lungs and through the skin and absorption of phenol vapour in the
